In spontaneously breathing newborn lambs, alveolar hypoxia increases lung microvascular pressure, which causes lung lymph flow to increase and the concentration of protein in lymph to decrease. To see if this response derives from hypoxia itself rather than from the change in breathing pattern that occurs during hypoxia, we measured lung vascular pressures, pleural pressure, cardiac output, and lung lymph flow in 12 anesthetized lambs that were ventilated at a fixed rate and tidal volume, first with air, then with 10-14% O2 in nitrogen. Alveolar hypoxia did not affect pleural pressure, but pulmonary arterial pressure increased from 19 to 32 torr, lung lymph flow increased from 2.20 to 3.83 ml/h and lymph protein concentration decreased from 3.4 to 2.8 g/dl. To be certain that the increased lymph flow associated with hypoxia is not simply the result of an acute release of fluid from the lungs and to assess the effects of carbon dioxide on lymph flow during hypoxia, we next studied six unanesthetized lambs kept hypoxic for a total of 12 h. After a 2-4-h period in air the lambs breathed 9-11% 0 2 in nitrogen for 2-4 h, then 8-11% O2 and 3-5% C02 in nitrogen for 8-10 h. In these lambs we injected intravenously radioactive albumin and measured its uptake in lymph to see if sustained hypoxia alters microvascular permeability to protein in the lungs. In these experiments pulmonary arterial pressure increased from 17 to 37 torr, lung lymph flow increased from 1.74 to 3.28 ml/h, and lymph protein concentration decreased from 3.8 to 3.1 g/dl during hypoxia. Addition of C02 to the inspired gas did not affect steady state lung lymph flow. Lymph flow remained elevated throughout the 12 h of alveolar hypoxia, and postmortem lung water determinations were not different from those of controls (4.65 f 0.28 versus 4.72 f 0.14 g/g dry bloodless lung). The time required for radioactive albumin to equilibrate in lymph at one-half the specific activity of plasma was no different before and during hypoxia (130 + 7 versus 125 f 11 min). We conclude that in the newborn lamb, alveolar hypoxia increases transvascular fluid filtration by increasing microvascular hydraulic pressure without altering microvascular permeability to protein. This response is independent of changes in pleural pressure or inspired carbon dioxide. Bressack and Bland (5, 6) showed that alveolar hypoxia increases lung lymph flow and decreases lymph protein concentration in newborn lambs. They concluded that alveolar hypoxia increases transvascular fluid filtration in the lung by increasing filtration pressure without altering microvascular permeability to protein.
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Bressack and Bland (5, 6) showed that alveolar hypoxia increases lung lymph flow and decreases lymph protein concentration in newborn lambs. They concluded that alveolar hypoxia increases transvascular fluid filtration in the lung by increasing filtration pressure without altering microvascular permeability to protein.
At least two issues were unanswered by the previous studies. First, because Bressack and Bland used unanesthetized lambs that breathed spontaneously, hypoxia caused hyperventilation and a resultant decrease in arterial Pco2 and pleural pressure. Arterial Pco2 may influence pulmonary vascular tone (20, 25) and pleural pressure may influence lung interstitial fluid pressure (1 4,2 I, 27, 38, 45) ; it is possible that one or both of these changes could have affected lung fluid balance. Second, the studies done by Bressack and Bland lasted only 4-6 hr, and they could not exclude the possibility that the increased lymph flow may have been transient, caused by release of lung intracellular fluid rather than filtration of fluid from the microcirculation.
To help clarify these points we prepared 18 newborn lambs for study of lung fluid balance under different sets of experimental conditions. We studied 12 anesthetized lambs that were ventilated at a fixed rate and tidal volume, first with air and then with 10-14% O2 in nitrogen. Lymph flow increased during alveolar hypoxia in all 12 lambs and pleural pressure remained unchanged. Next, we studied six unanesthetized lambs that first breathed air during a 2-4-h control period, then 9-1 1 % 0 2 in nitrogen for 2-4 h, and then 8-1 1% 0 2 and 3-5% COz in nitrogen for [8] [9] [10] h. The hypoxia-induced increase in lung lymph flow was unaffected by addition of carbon dioxide to the inspired gas. Lymph flow remained elevated throughout the period of alveolar hypoxia in all six animals and postmortem studies showed that the lungs were not dehydrated. We injected intravenously radioactive albumin and measured its uptake in lymph and we observed no evidence of increased microvascular permeability to protein even after prolonged h~~o x l a .
We conclude that alveolar hypoxia increases transvascular fluid filtration in the newborn lamb by increasing hydraulic pressure in the microcirculation. The increase in fluid filtration is independent of changes in pleural pressure and the partial pressure of carbon dioxide in the inspired gas.
MATERIALS AND METHODS
Surgical preparation. Surgical preparation of the lambs is described in detail elsewhere (4, 40) . Briefly, we operated on each lamb twice, first within 48 h of birth and again 7-10 d later. For both procedures, we anesthetized the lambs with halothane and nitrous oxide and used a piston type respirator for mechanical ventilation. Before and after surgery we kept the lambs with their mothers for feeding and warmth.
During the first operation, we inserted polyvinyl catheters into the left carotid artery and jugular vein through an incision in the neck, and we advanced the catheters until their tips were in the thoracic aorta and right atrium respectively. Through a left thoracotomy we placed a polyvinyl catheter directly into the left atrium and both a polyvinyl catheter and a 3.5 French thermodilution thermistor (Gould Statham, Hato Rey, PR) into the main pulmonary artery.
During the second operation, a right thoracotomy, we resected the systemic contributions to the caudal mediastinal lymph node and inserted a polyvinyl catheter, impregnated with heparin (TDMAC Processing, Polyscience, Inc., Wamngton, PA), into the efferent duct of that node. In addition, we placed a 3 x 3 cm silicone balloon (Silastic, Dow Coming Corp., Midland, MI) in the pleural space for subsequent measurements of pleural pressure. We allowed the lambs at least 3 d to recover from surgery before starting experiments.
Constant ventilation experiments. The In these studies the lambs were awake and unmedicated. Inspired gas mixtures flowed through a plastic bag placed around the head of the lambs. They breathed air for a 2-4-h control period, then 9-1 1 % 0 2 in nitrogen for 2-3 h, and then 8-1 1% 0 2 and 3-5% CO2 in nitrogen for 8-10 h. The total duration of alveolar hypoxia was at least 12 h in every experiment. During experiments we measured vascular and pleural pressures continuously, and heart rate, respiratory rate, cardiac output and arterial pH, Po2 and Pco2 at frequent intervals. In addition, we collected samples of lung lymph every 30 min and measured their volume to the nearest 0.01 ml. We obtained samples of aortic blood hourly. Pulmonary arterial, left atrial, and aortic pressures were measured with Statham P23Db strain gauge manometers (Statham Instruments, Hato Rey, PR) and pleural pressure was measured with a Statham PM 13 1 TC differential pressure transducer. The zero reference for vascular pressures was the level of the left atrium; for measurement of pleural pressure, zero reference was atmospheric pressure. Pressures were recorded using a Grass 7D 8-channel amplifier recorder (Grass Instruments, Quincy, MA). Heart and respiratory rates were obtained from phasic recordings of aortic and pleural pressures. Cardiac output was determined by indicator dilution, either with green dye (Hynson, Wescott, and Dunning, Inc., Baltimore, MD) or cold saline (34) .
We calculated pulmonary vascular resistance as the difference between pulmonary arterial and left atrial pressures, divided by the cardiac output. Arterial pH, Po2, Pco2, and inspired gas tensions were measured with a Coming Blood Gas Analyzer (Corning Glass Works, Medfield, MA).
In the six prolonged hypoxia studies, we did tracer studies with radioiodinated albumin during the control period and again after 10 h of hypoxia. For this procedure, we first obtained two baseline samples of blood and lymph. Then, we injected 2-3 &/kg of [1251]human albumin (Mallinkrodt, Saint Louis, MO) into the right atrium and collected samples of lymph every 15 min for 2-3 h and samples of aortic blood at the mid-point of each collection period.
Analytic methods. We centrifuged samples of blood and lymph and measured in the supernatant fluids concentrations of protein by the biuret method (13) and albumin by cellulose acetate electrophoresis (Microzone 1 10, Beckman Instruments, Inc., Fullerton, CA).
For the radioactive tracer experiments we transferred 0.1 ml of each sample of lymph and plasma into test tubes and measured the radioactivity within each sample for one min in a Searle 5 12 multichannel pulse-height analyzer (Searle Analytic, Inc., Des Plaines, IL). To calculate the specific activity for each sample we divided the number of counts per minute by the concentration of albumin in the sample. We then plotted the ratio of lymph specific activity to plasma specific activity as a function of time, drew a regression line through the points, and from that plot determined the time required for the specific activity in lymph to reach one-half that of plasma Postmortem studies. At the conclusion of the second set of experiments we intravenously anesthetized three of the lambs with sodium pentobarbital, 30 mg/kg, inserted a cuffed tube into their trachea, ventilated their lungs with 9-1 1 % O2 and 3-5% C02 in nitrogen and immediately resected their lungs at an inflation pressure of 25 cm H20. We rapidly froze a small portion of the inflated tissue in liquid nitrogen for examination under a microscope. We homogenized theremaining lung to measure extravascular water content by a modification (I I) of the method Statistical analysis. To compare measurements in the control period with those obtained during alveolar hypoxia, we used a paired t test, corrected for multiple comparisons when applicable, and considered P < 0.05 indicative of a significant difference (36) . We expressed all data in the text as the mean +. 1 SEM.
RESULTS

Hypoxia in anesthetized ventilated lambs.
During anesthesia and constant ventilation at a respiratory frequency of 60/min, alveolar hypoxia had no significant effect on arterial pH, Pco,, heart rate or pleural pressure (Table 1) . Systemic arterial pressure consistently decreased by an average of 10 tom; systemic venous pressure did not change.
Mean pulmonary artery pressure increased on average by 68% but cardiac output and left atrial pressure were unaffected by hypoxia. As pulmonary vascular resistance increased by 76% d&ng hypoxia, average lung lymph flow increased by 75% and the concentration of rote in in l v m~h decreased without anv change in plasma concentfation ( Table 2 , Fig. I ). Prolonged hypoxia in spontaneously breathing lambs. As expected, alveolar hypoxia, without added carbon dioxide, decreased arterial Pco2 and increased arterial pH of unanesthetized lambs (Table 3) . It also increased heart rate, respiratory rate, and phasic pleural pressure but did not cause a significant change in mean pleural pressure, aortic pressure, or systemic venous pressure. Addition of carbon dioxide to the inspired gas increased arterial Pco2, respiratory rate, and phasic pleural pressure; arterial pH and mean pleural pressure decreased, and mean aortic pressure increased. Metabolic acidosis did not develop in any of the lambs during the 12 h of hypoxia.
Alveolar hypoxia increased mean pulmonary artery pressure on average by 75%, without influencing left atrial pressure. The 50% increase in pulmonary vascular resistance was associated with a 75% increase in lymph flow and a decrease in lymph protein concentration (Table 4 , Fig. 2 ).
Addition of carbon dioxide to the inspired gas increased pulmonary artery pressure by an additional 33% and cardiac output by 14%. In four of the six lambs, addition of carbon dioxide to the inspired gas increased lymph flow transiently (Fig. 2) . After 1 h of supplemental carbon dioxide however, lymph flow decreased to a rate not significantly different from that measured during hypoxia alone.
Throughout the 12 h of hypoxia measurements of lung lymph flow were always greater than those obtained during the air breathing baseline. Lymph protein concentration decreased steadily during successive stages of alveolar hypoxia but it reached a steady state after a total of 4-5 h of hypoxia. Plasma protein concentration remained constant. The ratio of albumin to globulin in lymph did not change significantly before and during hypoxia ( 1.47 f 0.10 versus 1.40 + 0.10). Figure 3 shows the results of one radioactive tracer study. After t Different from control (air breathing), P < 0.05. t Different from control (air breathing), P < 0.05. injection of ['2SI]albumin, the specific activity of albumin in lymph relative to plasma increased linearly as a function of time for the six lambs that we studied, and TlI2 was not significantly different during prolonged hypoxia than it was during the control period (1 30 f 7 versus 125 f 1 1 min).
In the three lambs killed after 12 h of hypoxia, extravascular lung water content per gram of dry lung tissue was not significantly different from that of control lambs (4.65 + 0.28 versus 4.72 + 0.14) (4 
DISCUSSION
Despite changes in experimental design our results are very similar to those reported previously by Bressack and Bland (5, 6): alveolar hypoxia increases pulmonary artery pressure and lung lymph flow and decreases the concentration of protein in lymph. If we assume that the concentration of protein in lymph approximates that in the pulmonary interstitium, as others have shown (30, 44) , then measurement of lung lymph flow and the concentration of protein in lymph provides a sensitive index of net transvascular movement of fluid and protein in the lung (4, 8, 39, 40) . Our results, therefore, suggest that alveolar hypoxia increases net transvascular filtration of fluid into the lungs of lambs. The associated decrease in the concentration of protein in lymph relative to that in plasma suggests that the increased filtration of fluid is the result of increased filtration pressure in the microcirculation of the lung.
Our first set of experiments was specifically designed to see if changes in the pattern of breathing induced by alveolar hypoxia played any part in this observed increase in lung lymph flow. Bressack and Bland (5, 6) noted that during alveolar hypoxia the lambs breathed more deeply and mean pleural pressure decreased. Previous reports (14, 21, 27, 38,45) have suggested that a decrease in pleural pressure may result in a decrease in interstitial pressure, which in turn might be expected to increase fluid filtration, at least in extra-alveolar vessels (1).
In our 12 anesthetized lambs, lymph flow increased during alveolar hypoxia and lymph protein concentration decreased despite a constant breathing pattern and pleural pressure. We conclude that the increase in filtration pressure induced by alveolar hypoxia in the newborn lamb is the direct result of an increase in microvascular hydraulic pressure and is independent of any change in interstitial pressure caused by altered pleural pressure or patterns of breathing.
Bressack and Bland (5, 6) also noted that the hyperventilation induced by alveolar hypoxia resulted in respiratory alkalosis. Both arterial Pco2 and pH affect pulmonary vascular resistance and may influence the response of the pulmonary vasculature to hypoxia (20, 25, 35) . Our second set of experiments was designed to examine the effect of arterial PCO* and pH on the increase in lymph flow observed during alveolar hypoxia. In these experiments addition of carbon dioxide to the inspired gas mixture increased arterial Pco2 and decreased arterial pH but did not t Different from control (air breathing), P < 0.05.
i: Different from 9-1 1 % 0 2 , P < 0.05. t Different from control (air breathing), P < 0.05.
$ Different from 9-1 1 % 02, P < 0.05. Hours Fig. 2 . Time course of one long hypoxia experiment done with an unanesthetized lamb that breathed spontaneously and received no medication. During alveolar hypoxia alone, pulmonary artery pressure and lymph flow increased, and the concentration of protein in lymph decreased. With addition of C 0 2 to the inspired gas, pulmonary artery pressure increased again, but lymph flow increased only transiently. Lymph flow remained greater than the control rate for the duration of hypoxia.
change steady state lung fluid balance. Although both pulmonary reported that respiratory acidosis without hypoxia had no effect artery pressure and pulmonary blood flow increased, the resul-on steady state lung lymph flow in lambs. tant increase in microvascular hydraulic pressure was offset by a None of the lambs developed metabolic acidosis during the concomitant decrease in interstitial protein osmotic pressure, period of sustained hypoxia. All were otherwise healthy and wellreflected by the decrease in lymph protein concentration. These hydrated and we presume that oxygen delivery to the tissues was results are similar to those of Haberkern and Bland (16) who maintained by the observed increase in cardiac output. In four of the six lambs, as carbon dioxide was added to the inspired gas, lymph flow increased acutely and remained elevated for 30-60 min, as the concentration of protein in the lymph decreased. These changes suggest that microvascular filtration pressure increased at least transiently. When carbon dioxide was added to the inspired gas, all of the lambs began to struggle and bleat. This period of agitation lasted 30-60 min and was associated with frequent brief increases in both pulmonary artery and left atrial pressures. These transient increases in vascular pressure may have led to transient increases in filtration pressure and lymph flow. Haberkern and Bland (16) noted similar transient increases of lymph flow in lambs during hypercapnia alone and they postulated that the increase was the result of agitation. The transient nature of the change emphasizes the importance of prolonging experiments that are designed to assess changes in lung fluid filtration.
The sustained hypoxia experiments also were designed to examine the possibility that hypoxia might decrease intracellular fluid in the lung, thereby diluting interstitial protein and increasing lymph flow. If this were so, prolonged hypoxia would have caused progressive dehydration of the lungs, and lymph flow should have decreased over time. We found, however, that lymph flow remained up throughout the 12-h period of alveolar hypoxia. During this 12-h period, total lymph flow exceeded that of the baseline period by approximately 20 ml. If we assume that we were collecting only two-thirds of total lung lymph (18) , then at least 30 ml of water must have left the lung duripgthe pznod of hypoxia. This degree of dehydration would have reduced postmortem lung water from an average control value of 4.7 (4) to 3.8 g/g dry lung tissue, an amount considerably less than the 4.65 g/g of dry lung that we measured for the three lambs killed after 12 h of hypoxia. Lung dehydration, therefore, cannot account for the increase in lymph flow that we observed. We conclude that the increased lymph flow that occurs during alveolar hypoxia represents an increase in fluid filtration from the microcirculation, probably the result of an increase in microvascular hydraulic pressure.
Several authors have shown that diaphragmatic lymphatics may contribute substantially to the lymph collected from the caudal mediastinal lymph node of the sheep (10, 33). Drake et al. (10) showed that the contribution of these lymphatics to overall lymph flow increased with increasing diaphragmatic movement. If the increase in lymph flow that we observed during alveolar hypoxia in the spontaneously breathing lamb were the result of increased diaphragmatic movement; i.e., increased nonpulmonary lymph flow, then the response should have been attenuated by constant ventilation under anesthesia. It was not. Roos et al. (33) showed that non-pulmonary contamination of caudal mediastinal lymph increased with increasing systemic venous pressure. In their study, however, when lymph flow increased the lymph to plasma protein ratio also increased. In both of our experiments, systemic venous pressure remained constant before and during alveolar hypoxia and the lymph to plasma protein ratio always decreased as lymph flow increased.
We also examined the effects of prolonged hypoxia on lung microvascular permeability to protein. The results of our albumin tracer studies indicate that hypoxia does not influence endothelial permeability to protein, inasmuch as T1/2 did not decrease significantly (41) . To further evaluate our data for evidence of a permeability change we plotted 1ymph:plasma protein ratio as a function of the lymph flow rate for the six lambs studied before and during alveolar hypoxia (Fig. 4) . We compared the results with those from two other sets of experiments, also done in our lab: in one set, we increased lymph flow by inflating a balloon in the left atrium of seven lambs, so that filtration pressure in the pulmonary microcirculation increased by approximately 10 torr (3); in the second set, lymph flow was increased by putting the lambs in 100% oxygen for 3-5 d (7). During studies in which lung microvascular pressure was increased by left atrial hypertension, lymph flow increased but the 1ymph:plasma protein ratio decreased. During hyperoxia studies, in which lung microvascular permeability to protein increased, the 1ymph:plasma protein ratio increased as lymph flow increased. During our hypoxia studies, the increase in lymph flow was accompanied by a decrease in the 1ymph:plasma protein ratio that was virtually identical to those observed when filtration pressure was increased by inflation of a balloon in the left atrium. The response was clearly different from that seen when microvascular permeability to protein was increased by oxygen toxicity.
If hypoxia had damaged the microvascular membrane, the sieving properties of the pulmonary microcirculation might have changed, causing a decrease in the ratio of a1bumin:globulin in lymph (7, 8) . This did not occur. We conclude that prolonged hypoxia does not alter microvascular permeability to protein. Our results are very similar to those reported recently by Mitzner and Sylvester (28) , who studied the effects of hypoxia on the relationship between pulmonary blood flow, pulmonary artery pressure, and fluid filtration in isolated, blood perfused pig lungs. They found that under normoxemic conditions, pulmonary artery pressure and fluid filtration increased as pulmonary blood flow increased. Alveolar hypoxia caused an even greater increase in both pulmonary artery pressure and fluid filtration at each increment of pulmonary blood flow. They used a simple Starling resistor model of the lung to explain their results. According to this model, the pulmonary circulation is comprised of recruitable parallel channels, each with its own filtration coefficient and critical pressure. As pulmonary blood flow increases, parallel channels with higher critical pressures are recruited and pulmonary arterial pressure increases. Hypoxia increases pulmonary artery pressure by increasing the critical pressure in each of the parallel channels. To account for the effects of blood flow and hypoxia on fluid filtration, the authors assumed that the locus of critical pressure was downstream from the site of transvascular fluid filtration. Within such a model, as blood flow increases and opens parallel channels with higher critical pressures, overall filtration pressure and entry of fluid into the lung would be expected to increase. The effect of hypoxia, therefore, would be to increase all of the critical pressures, which in turn would increase filtration pressure at any given rate of pulmonary blood flow.
Recent work by Capen and co-workers (9) supports this capillary recruitment theory as an explanation for the increased fluid filtration observed during hypoxia. They studied the effects of hypoxia on the pulmonary circulation of dogs, and with in vivo microscopy demonstrated pulmonary capillary recruitment near the surface of the lung during alveolar hypoxia. In addition they found that the diffusing capacity for carbon monoxide increased during hypoxia, which they cited as evidence that capillary recruitment was a generalized phenomena and not just localized to the pleural surface.
Data from other investigators, however, does not support the theory of widespread capillary recruitment. Stahlman et al. (37) used indicator dilution curves to estimate pulmonary blood volume in lambs and found a significant reduction during hypoxia. Our data and that of Bressack and Bland (5, 6) show that hypoxia decreases total lung blood content in lambs. Vreim and Staub (43) showed that the pulmonary capillary blood volume of anesthetized cats did not change during alveolar hypoxia.
In addition, the model proposed by Mitzner and Sylvester requires that the locus of critical tone in the pulmonary circulation be downstream from the site of fluid filtration. If most fluid exchange in the lung occurs in the capillaries then this site of critical tone would have to be in pulmonary venules. Although several investigators have presented evidence for hypoxia induced pulmonary venous constriction in both dogs (29, 32) and cattle (23), Hyman and Kadowitz (20) found no evidence of pulmonary venous constriction during alveolar hypoxia in lambs that were 3-mo-old. They and other investigators have concluded that alveolar hypoxia constricts predominantly arteriolar vessels in the lung (2, 12, 22, 26) . If the site of critical tone is in the pulmonary arteriole, then the site of fluid filtration would have to be in small pulmonary arterioles, as postulated by Whayne and Severinghaus (46) . The total contribution of these vessels to the observed increase in fluid filtration during alveolar hypoxia would be limited by their relatively thick walls and limited surface area (39) .
An alternative explanation for the effects of hypoxia on pulmonary artery pressure and lung fluid balance is that hypoxia closes (i.e., derecruits) selected parallel channels in the lung and redirects blood flow through the remaining open channels (17) . In support of this theory Haab et a/. (15) analyzed alveolararterial gradients for nitrogen and found that hypoxia exaggerates ventilation-perfusion imbalances. Viswanathan et al. (42) did perfusion lung scans of adults who had experienced high altitude pulmonary edema and found a patchy distribution of perfusion during hypoxia. Hyman (19) studied the effects of progressive derecruitment of lung vessels on pressure-flow relationships in pulmonary arteries and veins of dogs. He perfused selected segments of the lungs at varying flow rates and found that as segment size decreased pulmonary arterial and venous pressures increased at all rates of flow. In fact, the changes in pulmonary artery pressure-flow relationships that occurred with progressive derecruitment of the pulmonary vascular bed were very similar to that noted by Mitzner and Sylvester during alveolar hypoxia. Inasmuch as pulmonary venous pressure is a major determinant of filtration pressure in the lung, Hyman's finding of increased pulmonary venous pressure with decreasing segment size suggests that derecruitment of the pulmonary vascular bed at a constant blood flow could cause an increase in fluid filtration in the remaining open lung segments. Recently Landolt and associates (24) tested this hypothesis in sheep by resecting large segments of lung to reduce the size of the pulmonary vascular bed. They decreased lung mass by approximately 65% and maintained cardiac output by blood transfusions. In doing so they produced high-pressure pulmonary edema in the remaining lobes. The theory that hypoxia causes patchy closure of pulmonary vessels with redistribution of flow at higher filtration pressures in those vessels that remain open is compatible with previous data that suggests that the pulmonary vascular bed is constricted during alveolar hypoxia.
We conclude that in the newborn lamb alveolar hypoxia increases transvascular flow of fluid into the lungs by increasing filtration pressure. This causes lymph flow to increase and the concentration of protein in lymph to decrease without affecting microvascular permeability to protein.
